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Opening Windows into the Cell: Focused-Ion-Beam Milling for
Cryo-Electron Tomography
Elizabeth Villa, Miroslava Schaffer, Ju¨rgen M. Plitzko,
Wolfgang Baumeister.
MPI Biochemistry, Martinsried, Germany.
Cryo-electron tomography (cryo-ET) is a biophysical tool that provides unprec-
edented insights into the3-Dorganizationof cells in their native state atmolecular
resolution, free of artefacts such as fixation, staining, or labelling. To date, the
main limitation of cryo-ET is the thickness of most cells, rendering them inacces-
sible to intermediate-voltage TEM. I will describe howwe have adapted focused
ion beam (FIB) milling to prepare 200-500 nm lamellae from intact cells, effec-
tively opening large windows into the cell’s interior at molecular resolution.
Through image processing, macromolecular complexes can be localized and
identified, enabling quantitative analysis of the organization and structure of mo-
lecular complexes in situ.Cryo-ETandFIBmillingwere used to study the nuclear
pore complex, one of the largest macromolecular machines in the cell that selec-
tively controls all traffic between the nucleus and the cytoplasm. Due to its sheer
size, its local environment and its dynamic nature, determining its structure atmo-
lecular resolution remains a challenge for conventional techniques, and studies of
nuclear transport lack amolecular scaffold ontowhichmodels can be interpreted.
Combining FIB milling, cryo-ET, and image processing enable the study of the
NPC in its native environment, performing its function, and free of the distortions
caused by purification. This approach has produced the yeast NPC architecture at
unparalleled resolution and revealed the structural dynamics of theNPC in action.
Other uses of cryo-FIB/ET to study diverse cellular environments at molecular
detail will be presented, including actin networks and the distribution of macro-
molecular complexes within organelles such as mitochondria. Finally, I will
discuss new emerging technologies in EM, including direct detector devices
and phase plates, and their impact on cryo-ET.
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CRYO-EM Atomic Model of Brome Mosaic Virus Derived from Direct
Electron Detection Images and a Real-Space Model Optimization Protocol
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Recent advances in cryo-EM have enabled structure determination of macromol-
ecules at near-atomic resolution. However, de novo structure determination
remains susceptible to model bias and overfitting, potentially yielding an inaccu-
rate structure even if resolution appears high. Here, we describe a complete work-
flow for data acquisition, processing, modeling, and validation of an RNA virus,
Brome Mosaic Virus (BMV). Data was collected using "movies" with a direct
electron detector in integratingmodewith a cumulative exposurebeyond the tradi-
tional radiation damage limit.Reconstruction basedon randomly-generated initial
models yielded a map at 3.3 and 3.8 A˚ resolution, with and without subunit aver-
aging, respectively.We used this map to compute a de novo Ca backbonemodel,
which was converted to an all-atom model and optimized with a newly-
implemented real-space refinement protocol. The final de novo atomic model
ranks in the top 99th percentile when compared to PDB structures at equivalent
resolution using statistical scores routinely used in X-ray crystallography.
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Structural Visualization of Mitotic Cycle by Three-Dimensional Focused
Ion Beam-Scanning Electron Microscope (FIB-SEM) with Nanoscale
Resolution at Whole Cell Level
Rina Nagai1, Keisuke Ohta2, Atsuko H. Iwane1,3.
1QBiC, RIKEN, Suita, Japan, 2Kurume Univ., Kurume, Japan, 3Osaka Univ.,
Suita, Japan.
To understand the frontier Biosciences, it is also important to observe the three-
dimensional structure of biological molecules in cells and tissue. We describe a
new biological application of FIB-SEM, which is normally used to visualize
metals and ceramics surface, for the 3D reconstruction of an entire cell at a
nanoscale resolution that lies between those of EM tomography and X-ray
tomography.
We used FIB-SEM to visualize the 3D architecture of Cyanidioschyzon mero-
lae (C. marolae) , which is thinking as the primitive unicellular red algae.
C. marolae is the only eukaryotic organism which can control its chloroplast,
mitochondria and cell division by light/dark adjustment. Because cell divisionis expected a basis of life, we can know the basic mechanism of eukaryotic cells
by examining the structure of C. merolae in each division process. Our system
could image simple individual double-membrane organelles like nucleus, chlo-
roplast, and mitochondria, and single-membrane organelles like the ER, Golgi,
lysosome and peroxisome inside C. merolae of 2-5 mm in length. We stained C.
merolae cells with Hoechst 33342 and visualized them by fluorescence micro-
scopy, succeeding to resolve the DNA of the chloroplast, mitochondria and cell
nucleus. The position of the chloroplast was determined by the autofluores-
cence. Cells can be classified into five types (correspond by G1, S, G2 early,
G2 late, M-phase) based on differences in shape, size and distribution of the
organelles during mitosis. By effective synchronizing cells to a 6-h light/18-
h dark cycle according to Moriyama T. et al. (Microbiology , 156 , 1730-7,
2010) with some modifications, we obtained > 70% S/M-phase cells. We
will show you 3-D surface models of the different C. merolae cell types
from the obtained sequential 2D-SEM images.
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Overcoming Patch-Potential Effects on the Surfaces of Tem Phase-
Contrast Devices
Robert M. Glaeser.
Lawrence Berkeley National Lab, Berkeley, CA, USA.
A Focused-Ion Beam (FIB) tool is used to fabricate thin-foil apertures that have
an electron-opaque half-circle at the center, suspended by a beam extending
from the outer edge. The opaque half-circle produces single-sideband contrast
(also known as "schlieren", or Foucault knife-edge contrast) at low spatial fre-
quencies, while still allowing one to use Scherzer defocus to provide optimal
contrast transfer at intermediate and high spatial frequencies. While a require-
ment for such an aperture to be effective is that the electrostatic equipotential
surface must conform closely to the physical surface of the device, this require-
ment is not well satisfied on the vacuum-side of any polycrystalline material,
due to variation of the work function of difference crystal facets. We thus
coat newly fabricated apertures with graphitic a-C to provide a surface with
a uniform work function. We now report that heating such apertures to ~650
C during use is effective in real-time "annealing" of the radiation damage
that otherwise causes a local (patchy) change in phase shift to build up at the
edge of the opaque half-circle. While this represents a significant advance,
there remains an as-yet unsolved problem in achieving consistent fabrication
of apertures that retain the desired uniformity of electrostatic potential when
they are heated to ~650 C. Current work is focused in two directions: (1) tak-
ing steps to enhance bonding of the a-C coating (i.e. prevent delamination), and
(2) investigating other materials that may not need to be coated with a-C but
that will (like a-C) be rad-hard, at least when heated to ~650 C or less.
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Substrate Effects on Structural Studies using Cryo-Em
Lige Tonggu, Liguo Wang.
University of Washington, Seattle, WA, USA.
In electron microscopy, glow discharge has been widely used to render the car-
bon film hydrophilic for better adhesion of aqueous solution. However, the
target macromolecules (e.g. proteins) may also interact with the charge on
the carbon film, which may introduce preferred orientation and/or some other
artifacts. A promising alternative is to use two-dimensional (2D) crystal as a
substrate. This method has been successfully employed to study DNA mole-
cules, proteoliposomes, and multiprotein complexes. Here we will use lipo-
somes (i.e. lipid vesicles) as a model system to study the effect of substrate
on targeted structures. Four types of substrates will be studied: untreated carbon
film, glow-discharged carbon film, holey carbon film, and 2D streptavidin crys-
tal. Liposomes, doped with a few copies of biotinylated lipid and osmotically
swollen to ensure a spherical shape, will be allowed to attach to the substrate
before blotting and rapid freezing of the specimen. Then cryo-electron micro-
scopy of tilted specimens and cryo-electron tomography will be employed, and
the resulted images and tomographs will be compared with spherical liposome
models. The deformation of the liposomes will be used to quantify the effect of
the substrate on the targeted structure.
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A First Look into the 3D Structure of the TRPV2 Channel by Single-
Particle Cryo-Em
Guizhen Fan1, Jennifer Gonzalez2, Olga B. Popova1, Theodore G. Wensel2,
Irina I. Serysheva1.
1Biochemistry and Molecular Biology, The University of Texas Medical
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The TRPV2 channel is a ~385 kDa integral membrane protein complex that
functions as a high-threshold thermosensor and is involved in calcium signaling
Tuesday, February 18, 2014 601aduring inflammation and nerve injury. TRPV2 is constituted of four subunits,
each with six transmembrane (TM) spanning helices with a pore loop between
the fifth and sixth TM helices. To date, little is understood about the complex
biophysical properties or the 3D architecture of the TRPV2 channel. We used
single particle electron cryo-microscopy (cryo-EM) to solve the 3D structure of
the tetrameric TRPV2 channel. To obtain sufficient quantities of purified chan-
nel proteins for structural and functional analysis, we used heterologous expres-
sion in the budding yeast, S. cerevisiae and immunoaffinity chromatography to
purify TRPV2. The purified channel was vitrified in the presence of amphi-
pathic polymer, amphipol 8-35, which was used to substitute for solubilizing
detergent in TRPV2 preparations. This procedure allowed us to achieve optimal
ice thickness and uniform particle distribution in the cryospecimen. Vitrified
TRPV2 samples were imaged using an FEI Polara electron cryo-microscope
operated at 300 keV at liquid-nitrogen temperature. Images of the channel
were acquired on a 4k x 4k CCD camera (TVIPS) at 59,000 nominal magnifi-
cation of microscope using low-dose mode and a defocus range of 2-5 mm. The
3D reconstruction of TRPV2 was generated with 20,608 particle images
extracted from 431 CCD frames, and image processing was performed using
EMAN2. The resulting structure was validated using tilt-pair analysis, and is
interpretable to ~15 A˚ based on "gold standard" resolution criterion. Supported
by grants from NIH (R21AR063255, R01GM072804, P41GM103832,
T32KD007696, R01EY07981) and by AHA (12GRNT10510002).
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A CRYO-EM Structure of a Minimal Translation Initiation System:
Deletion in Self-Sufficient IRES Prevents Translocation
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Translation occurs on the ribosome, a ribonucleoprotein machine that exists in
many copies per cell and is conserved among all forms of life. In canonical eu-
karyotic translation initiation, a suite of protein factors is required for many
essential processes: for messenger RNA (mRNA) to bind the ribosome and
to align itself with the translation initiation site, for the first aminoacylated
tRNA to bind the start codon, for the ribosome to shift the mRNA downstream
by one codon, and more. These processes occur on and near the mRNA’s start
codon immediately downstream of a 5’ modified-nucleotide cap.
In a departure from canonical catalytic and location requirements, some eu-
karyotes and many viruses encode regions of highly structured RNA that can
initiate translation without a 5’ cap and at least some initiation factors. These
RNAs are called internal ribosomal entry sites, or IRESes. We study a type
of IRES found in the Dicistroviridae virus class. This type of IRES initiates
translation of the second of two gene clusters in the continuous viral RNA
genome, and, uniquely, it requires no initiation factors to hijack eukaryotic
host ribosomes.
Here, we present a three-dimensional reconstruction of one such IRES–the
Cricket Paralysis Virus intergenic IRES–bound to the eukaryotic yeast ribo-
some. The structure was obtained by cryo-electron microscopy and single-
particle reconstruction techniques. This particular IRES sample is a mutant
lacking three consecutive nucleotides in a loop region; it cannot undergo the
initial translocation event, when mRNA shifts to allow a new aminoacylated
tRNA into the A-site. We examine how the deletion prevents translocation,
and thus how the intact IRES, a unique minimal translation system, might
enable translocation, an essential part of initiating the universal translation pro-
cess that is not wholly understood.
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Serial Block-Face Scanning Electron Microscopy for Nanoscale Charac-
terization of Tissue Ultrastructure
Charlotte R. Pfeifer, Andre Shomorony, Guofeng Zhang, Maria A. Aronova,
Richard D. Leapman.
NIBIB, National Institutes of Health, Bethesda, MD, USA.
Serial block-face scanning electron microscopy (SBF-SEM) can be used to im-
age large (100-micrometer size) volumes of biological tissue, and thus comple-
ments standard transmission electron tomography, as well as scanning
transmission electron tomography. SBF-SEM is attractive not only for its abil-
ity to generate high-resolution three-dimensional ultrastructure, but also for its
relative ease of implementation. Whereas electron tomography traditionally re-
quires the tissue block to be manually sectioned, SBF-SEM makes use of an
automated ultramicrotome built in to the SEM’s specimen chamber; and tissues
optimally stained with heavy metals and imaged with backscattered electrons,show equivalent contrast to TEM images of conventionally stained sections
(Denk and Horstmann, 2004). Using SBF-SEM it is possible to image the or-
ganization and geometrical parameters of complex tissues, extending over
100-micrometer dimensions, in three dimensions at 10-nm spatial resolution
in the plane of the block face and 25-nanometer resolution in the perpendicular
direction. For example, we have reconstructed entire mouse pancreatic islets of
Langerhans, allowing us to determine the distribution of cell types, average
numbers of insulin granules in beta cells, numbers of glucagon granules in
alpha cells, and the organization of capillaries. Moreover, since acquisition
of such data sets can be performed relatively quickly, it is possible to obtain
results from many samples and to compare wild-type and knock-out islets.
W. Denk and H. Horstmann, PLoS Biology 2(11): 1900-1909 (2004).
This work was supported by the Intramural Research Program of NIBIB, NIH.
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Examining Drp1 Conformational Changes and Domain Interactions in the
Mitochondrial Fission Complex using Cryo-Em
Christopher A. Francy1,2, Chris Fro¨lich3,4, Oliver Daumke3,5,
Jason A. Mears1,2.
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2Cleveland Center for Membrane and Structural Biology, Cleveland, OH,
USA, 3Max-Delbru¨ck-Center for Molecular Medicine, Berlin, Germany,
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Mitochondria are essential organelles involved in the generation of chemical
energy, maintenance of calcium levels and induction of apoptosis. Mitochon-
dria are also highly dynamic, undergoing continuous cycles of fission and
fusion. This dynamic cycle is integral to mitochondrial proliferation, distribu-
tion, organelle morphology, bioenergetics and cell death. Excessive fusion
leads to interconnected, collapsed and dysfunctional mitochondria. Conversely,
excessive fission promotes mitochondrial fragmentation and the release of
apoptotic proteins that promote cell death. Many neurodegenerative diseases,
including Alzheimer’s, Parkinson’s and Huntington’s display increased levels
of mitochondrial fission. The protein responsible for mitochondrial fission in
mammalian cells is dynamin-related protein 1 (Drp1). Drp1 is a 80kDa GTPase
that is thought to constrict the outer mitochondrial membrane to mediate
fission. However, the mechanism of Drp1 assembly at mitochondrial constric-
tion sites is unclear. Recent studies have shown that lipid and nucleotide inter-
actions facilitate Drp1 self-assembly into ordered oligomers that mimic
interactions found at the surface of the outer mitochondrial membrane. Cryo-
EM is being utilized to solve the 3D structure of this fission complex. Specific
Drp1 mutants will be used to identify key interactions within the oligomeriza-
tion interfaces. In this way, the roles of distinct domains will also be elucidated.
A clear understanding of the role of Drp1 in mitochondrial fission is essential
for the development of future therapies that prevent mitochondrial dysfunction.
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Structure Determination of Small Macromolecular Complexes by
Cryo-Electron Microscopy
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Application of emerging methods in single particle cryo-electron microscopy
(cryo-EM) has led to the determination of the structures of a variety of macro-
molecular complexes at sub-nanometer resolutions. The overwhelming majority
of these are large complexes, mostly with high symmetry. Extending cryo-EM
methods to routinely determine the structures of small macromolecular com-
plexes with sizes of < 500 kDa to sub-nanometer resolution still remains an
exciting frontier in modern structural biology. Working with small protein com-
plexes has certain inherent challenges such as conformational flexibility and
beam induced movement during exposure to electrons which can significantly
reduce resolution. Further, during image processing, errors can be introduced
from model-bias, over-refinement, and inaccuracy in orientation determination.
Although these errors are problematic for all reconstructions, they are particu-
larly detrimental for structural analysis of complexes that are small and have
either low or no internal symmetry. We show a step-wise systematic workflow
for structure determination by cryo-EM at ~ 6 A˚ resolution ofß-galactosidase,
a 464 kDa protein, whose structure has previously been determined at atomic
resolution by X-ray crystallography. Our approach employs a number of recent
developments in cryo-EM technology that include the use of direct electron de-
tectors, the ability to fractionate the dose to use only those portions of the expo-
sure that are recorded before there is significant radiation damage, and the use of
image processing procedures that can track and correct for the movement of sin-
gle molecules during the course of the exposure.
